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Introduction
[2] Understanding how earthquakes are affected by sudden changes in the state of stress in their immediate vicinity provides insight into the relationship between static stress changes and earthquake occurrence. If aftershocks are in part caused by stress changes from their mainshock, changes in their rate may reflect alterations in the state of stress in their immediate vicinity. Recently, Stein [2003] provided a review of how adjacent earthquakes interact through static stress changes, invoking a combination of rate and state friction [Dieterich, 1994] and Coulomb Stress changes [King et al., 1994] . In particular, Stein [2003] and Toda and Stein [2003] suggested that the second mainshock of the 1997 Kagoshima earthquake sequence in Japan decreased the rate of off-fault aftershocks from the first mainshock due to a stress drop caused by the second main event.
[3] The objective of our study is to confirm spatial changes in the rate of aftershocks following the second mainshock and to investigate whether or not these changes are statistically significant. Different from previous studies, we determine the spatial distribution of relative rate changes and establish their significance. Determining quantitatively the changes in microearthquake activity is difficult, especially when addressing rate decreases . Establishing rate decreases within an aftershock sequence is both desirable, because the high seismicity rate allows detailed investigations, and challenging, because establishing the significance of a relative rate change is more complicated when embedded within exponentially decaying sequences rather than in a stationary Poissonian process.
[4] The entire 1997 Kagoshima sequence is not easily fit with existing aftershock sequence models. Ogata [2001] investigated the first 47.8 days of the 1997 Kagoshima aftershock sequence using the earthquake catalog of the Japanese Meteorological Agency (JMA). He found that a two-stage Epidemic-Type Aftershock-Sequence-model (ETAS, [Ogata, 1999; Ogata, 2001] ) provides the best approximation although the overall goodness-of-fit throughout the period remains poor. Contrary to the modified Omori law, the ETAS-model considers the magnitude distribution of the aftershock sequence and therefore requires additional free parameters resulting in a limited forecast ability. We apply simpler modified Omori law type models to map the spatial distribution of aftershock sequence parameters because these models allow to compute a more accurate representation of the sequence than just modeling the entire sequence.
Data
[5] The 1997 earthquake doublet in the Kagoshima Prefecture, Kyushu, southern Japan, occurred on 26 March (M W = 6.1, M L = 6.5) and 13 May 1997 (M W = 6.0, M L = 6.3), both followed by rich aftershock sequences. The first mainshock ruptured unilaterally westward for 15 km along a strike-slip fault striking N280°, while the second mainshock ruptured two orthogonal 7.5 km long segments, with one being parallel to the first rupture. The hypocenters of the two mainshocks are approximately 5 km and the parallel rupture planes are approximately 3 km apart ( [Horikawa, 2001] , Figure 1) .
[6] We analyze the Kagoshima University catalog (KU) [Miyamachi et al., 1999 [Miyamachi et al., ] from 1997 [Miyamachi et al., .23 to 1997 containing about 7000 events in the study area (Figure 1 ). The KU catalog is preferable to the JMA catalog (about 3500 events), because it has a lower completeness level, relocated aftershock locations, and contains twice as many events. We use the JMA catalog only for cross-validation of our results.
[7] We investigated the magnitude of completeness M c as a function of time and space [Wiemer and Katsumata, 1999; Wiemer and Wyss, 2000] . The spatial and temporal distribution of M c is used to establish a lower cut-off magnitude ensuring that further analysis is not biased by incomplete data. In case of the KU catalog, we set the global minimum threshold at M c = 1.3 as results generally fluctuate around M c = 1.2 when mapping spatially. In the time series, M c decreases rapidly from M c = 1.8 down to around M c = 1.2. The low detection level is partly explained by the installation of temporary stations [Miyamachi et al., 1999] . We also investigated the JMA catalog to determine an overall M c value in the same manner and obtained a value of M c = 1.6.
Method
[8] To derive the relative rate change values Á RC , we developed the following procedure: First, we use the observed data of the learning period t L to fit the parameters of four different models of aftershock decay to the aftershock sequence applying the maximum-likelihood method [Ogata, 1999] . Second, the best fitting model is used to forecast aftershocks until the end of the forecast period t F . Finally, relative rate changes are established at the end of the forecast period.
[9] The basic model is the modified Omori law [Utsu, 1961] :
with n(t) being the number of earthquakes occurring at time t. This is equal to the intensity function l(t) assuming that aftershocks are distributed according to a non-stationary Poisson process. k represents the productivity of the mainshock and depends on the lower magnitude threshold of the earthquake catalog. p is a measure for the exponential decrease of the aftershock rate and c describes a temporal offset that compensates for incomplete data at the beginning of the aftershock sequence. The other three models include one secondary aftershock sequence within the learning period and consist of two superimposed modified Omori laws. We limit our analysis to a maximum of two nested Omori sequences rather than including more complex point process models [Vere-Jones, 1995; Ogata, 1999; Helmstetter and Sornette, 2002] because we believe that simpler modified Omori law models are more suitable for computing forecasts at numerous nodes of a spatial grid. Forecasting the magnitude distribution as required applying an ETAS-model would greatly increase uncertainties.
[10] The intensity function for these nested Omori models is written as:
where t a is the time of the largest aftershock from the mainshock time in the learning period. The indices 1 and 2 relate the modified Omori law parameters in the time periods before and after the occurrence of the largest aftershock at t a in the learning period, respectively.
[11] In summary, we fit four models with increasing model complexity varying as a function of free parameters:
1. Model 1: Modified Omori law (MOL) (3 parameters: p, c and k) 2. Model 2: nested MOL (4 parameters: p, c, k 1 , k 2 ) 3. Model 3: nested MOL (5 parameters:
The maximum-likelihood estimate [Ogata, 1999] for each model is computed by a constrained nonlinear grid search over the free parameter space, maximizing the likelihood function. To find the best fitting model we use the corrected Akaike Information Criterion AIC c [Kenneth et al., 2002] :
with ln L being the likelihood function, P the number of free parameters and N the sample size. In contrast to the original AIC, the corrected AIC c penalizes also for the amount of samples which becomes critical for small sample sizes. The AIC c is useful in selecting the best model in the set; however, if all the models are poor, AIC c still selects the one estimated to be best, but even that model may be poor in an absolute sense [Kenneth et al., 2002] . Thus, we estimate the goodness-of-fit for the selected AIC c model to the observed data by applying a Kolmogorov-Smirnov-Test at a significance level of 0.05 [Conover, 1999] . We do not use results for the interpretation of rate changes if even the best model is rejected (rejection level H equal to 1).
[13] To establish the significance of a relative rate change, we need an estimate of the uncertainties of the model forecast at time t F , which we derive based on a bootstrap approach [Chernick, 1999] . The original dataset is bootstrapped 100 times, model parameters and forecasts are estimated for each bootstrap sample. From the empirical distribution of forecasted rates, we calculate the 2 nd moment as the uncertainty of our forecasts at time t F . Thus, we include both, epistemic uncertainties by using different models and aleatory uncertainties due to the data. The relative rate changes are expressed as the ratio of the difference between the cumulative number of observed to forecasted events normalized by the 2nd moment of the bootstrap forecasts
N obs is the cumulative number of observed events, N the cumulative number of forecasted events at the times t L and t F , s(N Bst (t F )) the 2nd moment of the bootstrap forecast at the end of the forecast period. The value of Á RC expresses the normalized relative rate change between the observed and forecasted events. Positive values report an increase of the observed rate compared to the modeled rate of aftershocks. We map Á RC spatially by covering the region with a rectangular grid and sampling events within radius R.
Results
[14] Relative rate changes caused by the second mainshock (M L = 6.3, 13 May 1997) show strong spatial variations with high statistical significance. The patterns are similar for both, the KU and the JMA catalog analyzed on evenly spaced grids of 0.002°and 0.005°degrees, respectively (Figure 2a and 2b) . To evaluate the significance of the rate changes for the KU catalog, we determine the distribution of the best fitting model, and the rejection level H of the Kolmogorov-Smirnov-test as a measure for the goodness-of-fit (Figures 2c and 2d) . Because the earthquakes exhibited mostly strike-slip faulting with a uniform depth distribution of aftershocks from 0 to 10 km depth, we chose to show results in map view.
[15] We identify four regions that exhibit significant rate changes (Figure 2a) . The detailed temporal development of aftershock activity for four representative grid nodes is shown in Figure 3 . The largest relative rate decrease is found at the western end of the aftershock zone of the first mainshock (Figure 2a, circle A) . After the second mainshock, the time series of aftershocks at this node ( Figure 3A ) exhibits a clear rate decrease (Á RC % À8). The aftershocks within the adjacent circle B on the other hand display a large positive Á RC . This region coincides with the northern end of the north striking-segment of the conjugated fault on which the second mainshock occurred (Figure 1 ). Hence this positive relative rate change (Á RC % 11.5) is most likely triggered aftershock activity near the rupture termination of the second mainshock. Within the third area, to the east of the hypocenter of the first mainshock, we also detected a significant negative rate change (circle C). The onset of aftershock quiescence in this volume (Á RC % À5.5) occurred about five to seven days later than in circle A. Within the forth area (circle D), close to the east end of the aftershock zone, there is an apparent decrease in aftershock activity following the time of the second mainshock. However, the model fit in the learning period is poor ( Figure 3D ) as indicated by the KS-test rejection level H = 1, thus we do not consider this region to be meaningful. At the south eastern end, we find significant positive rate changes for off-fault aftershocks but insignificant ones closer to and north of the fault line. [16] The nested Omori models that match the aftershock data vary spatially (Figure 2c ) because the large aftershocks have a heterogeneous spatial distribution (Figure 1) . The regions A, B, and D of rapidly changing aftershock activity require the nested Omori models 3 or 4 due to the complexity of the aftershock occurrence: Region A is characterized by a series of 3.0 M L 3.9 events, the sequence in region B is influenced by a strong M L = 5.6 event and region D is again characterized by a series of 4.0 M L 4.8 events. In contrast, region C does not include large aftershocks and is well fitted with a single modified Omori law. Thus, the respective spatial pattern of the model distribution concerning their complexity coincides well with the aftershock distribution.
Discussion and Conclusions
[17] To quantify the effects of the second mainshock on the aftershock sequence of the first mainshock, we investigated the aftershock activity focusing on aftershocks adjacent to the northern fault that ruptured in the first mainshock. The 1997 Kagoshima earthquake doublet occurred in a small area, and thus it is reasonable to expect the second mainshock to have influenced the ongoing aftershock sequence of the first. We applied an objective spatio-temporal mapping approach and formulated a measure of the statistical significance of rate changes within the decaying aftershock sequence. Thus our approach differs from Stein [2003] and Toda and Stein [2003] who focused mostly on the physical implications of off-fault earthquake triggering and used subjectively selected boxes to determine rate changes. Our high resolution mapping results confirm quantitatively only some of their qualitative results. In particular, our mapping shows that a statistically significant rate decrease followed the second Kagoshima mainshock in the westernmost part of the aftershock zone of the first mainshock (Figure 2a and 3A, box A in [Toda and Stein, 2003, (Figure 6 )]). We also identify two other on-fault regions of increased and decreased aftershock activity. However, at the eastern end of the aftershock zone, we find statistically insignificant rate variations if possible to detect due to sparse data, where Toda and Stein, [2003] claimed a qualitative significant rate decrease (Figure 3a , box C in [Toda and Stein, 2003, (Figure 6 )]). Our quantitative analysis shows that both off-fault and on-fault aftershock activity were increased but also decreased by the nearby second mainshock. These findings may independently contribute to determining the validity of the stress triggering hypothesis [Harris, 1998 ] as well as seismicity rate change computations based on rate and state friction [Dieterich, 1994] by using our approach as a quantitative measure.
[18] How the effects of static stress changes on earthquake triggering may be affected by the presence of crustal fluids or anisotropic crustal material properties is poorly understood. There are many hot springs in the area and crustal fluids or geothermal areas as well as geological boundaries may have affected the temporal evolution and spatial distribution of aftershocks [Miyamachi et al., 1999] . Furthermore, differences in material properties could have contributed to the rupture behavior of the two mainshocks and the spatiotemporal distribution of the aftershocks. The east -west rupture of the second mainshock propagated eastward while the rupture of the first mainshock propagated to the west [Horikawa, 2001] . Miyamachi et al. [1999] relocated the 1997 Kagoshima earthquakes using a 3-D velocity model and suggested that some of the aftershocks were occurring on geological boundaries striking north -south. Thus, several other geophysical and geological parameters as well as other mechanisms, e.g., coseismic release of trapped highpressure fluids, may have had similar influence on the spatial and temporal development of this sequence than coseismic changes in static stress, but these cannot be differentiated with our approach.
